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Abstract 

Wc carried out optical spectroscopic observations of the most enigmatic dwarf nova WZ Sge in 11 
nights during the 2001 superoutburst. Our observations covered the period from the initial phase several 
hours before the maximum to the ninth maximum of the rcbrightening phase. The first spectrum shows 
absorption lines of H I (except for Ha), He I, and Na I, as well as emission lines of Hen , C in/N in, and 
Ha in doubly-peaked shapes. The same spectrum shows the emission lines of C iv and N iv which are 
the first detection in dwarf novae. The spectral features dramatically changed in various time scales. For 
example, the peak separations of the emission lines of H I and He n changed from ~700 km s _1 to ~1300 
km s , and one of the peaks dominated over an orbital period in the genuine-supcrhump era, but the 
dominant peak interchanged with the orbital phase in the early-supcrhump era. The lines of H I and He I 
were in emission at minima of the rebrightcning phase (with no high-excitation lines, nor Na i), while they 
became in absorption at maxima. We report on the observational results in detail and their implications 
concerning the outburst mechanism, two types of superhumps, and variation of the disk structure. 
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1. Introduction 

WZ Sge is the prototypical star of WZ Sge-type dwarf 
novae (Bailey 1979; for a recent review, Kato et al. 2001c). 
This type of stars is understood as a small group in SU 
UMa-type dwarf novae, but has unusual characteristics of 
quite large outburst amplitudes up to ~8 mag, extraordi- 
nary long recurrence cycles of the outbursts (>10 years), 
no (or only a few) normal outbursts (see Kato ct al. 2001c; 
Nogami et al. 1997b 1 ). All the outbursts so far observed 
in WZ Sge have been so-called superoutbursts in normal 
SU UMa-type dwarf novae. Thus the nomenclature of 
outburst will be used instead of superoutburst in the case 
of WZ Sge stars throughout this paper. 

In conjunction with these interesting properties, since 
WZ Sge is relatively bright, my ~ 15.3 in quiescence, many 
researchers have most intensively investigated WZ Sge in 
a variety of methods, and this star has had a significant 
effect on many aspects of the study of cataclysmic variable 
stars. While it is impossible to review all the works related 
to WZ Sge, we introduce some of most importance. 

WZ Sge was first discovered in 1913 as a nova, and 
the second outburst in 1946 suggested this star to be 
a recurrent nova (Mayall 1946). This second out- 
burst was observed photometrically (e.g. Himpel 1946; 

The maximum magnitude of WZ Sge in table 1 in Nogami et al. 
1997b should be replaced by m = 8.1 



Steavenson 1950; Eskioglu 1963), and spectroscopically 
(McLaughlin 1953). McLaughlin (1953) suspected the 
dwarf nova nature based on the spectra. Kraft (1961) 
revealed that WZ Sge is a spectroscopic binary with 
a period of ~80 min, and subsequent photometry by 
Krzcminski (1962) proved this star to be an eclipsing bi- 
nary star with a period of 81.38 min. 

To explain the orbital light curve and the line-profile 
variation, Krzcminski, Kraft (1964) for the first time built 
a model of the cataclysmic variable star (CVs) contain- 
ing a white dwarf primary, a late-type secondary star, 
and a disk, and deduced binary parameters. Based on 
this model, short-period CVs including WZ Sge were sug- 
gested to evolve by the gravitational wave radiation (Kraft 
et al. 1962; Paczynski 1967; Faulkner 1971; Vila 1971a; 
Vila 1971b). Using the observations of eclipses, Warner, 
Nathcr (1972) further developed this model by including 
a notion of the hot spot. 

High-speed photometry in quiescence by Robinson 
et al. (1978) was used to refine the binary parameters 
and revealed oscillations with the periods of 27.87 sec and 
28.98 sec. These oscillations were later interpreted to be 
due to the magnetized white dwarf (Patterson 1980; see 
also Nather 1978; Lasota et al. 1999). 

The third outburst occurred in 1978, which was ob- 
served by optical photometry (e.g. Patterson et al. 1978; 
Bohusz, Udalski 1979; Heiscr, Henry 1979; Brosch 1979; 
Targan 1979; Patterson et al. 1981), optical spectroscopy 
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(Patterson et al. 1978; Crampton et al. 1979; Gilliland, 
Kemper 1980; Walker, Bell 1980; Ortolani et al. 1980), 
and ultraviolet spectroscopy by the IUE satellite (Fabian 
et al. 1980; Ortolani et al. 1980; Friedjung 1981). 
Patterson (1979) suspected the SU UMa nature of WZ 
Sge, based on the photometric data of this outburst. 
Using the same data, Patterson et al. (1981) suggested 
that the photometric behavior agreed with that expected 
by the enhanced mass transfer model, interpreting that 
periodic modulations, which are called early superhumps 
in this paper, were enhanced orbital humps. Bailey (1979) 
pointed out similarity of the outburst light curve of UZ 
Boo and WX Cet with that of WZ Sge, and proposed 
that these stars may form a distinct subgroup of the dwarf 
novae. 

Papaloizou, Pringle (1979) put forward a new model of 
an apsidal precession disk with eccentric orbits to explain 
the superhumps observed in WZ Sge and other SU UMa 
stars. 

The orbital period (P rb) of WZ Sge had been the 
shortest one of the normal hydrogen-rich dwarf novae, al- 
though some dwarf novae with slightly shorter P or b has 
been found very recently (Thorstensen et al. 2002). Its 
orbital period has put a constraint on the theory of the 
CV evolution (for a review of the standard theory, see e.g. 
King 1988). This is still one of the topics which are pros- 
perously investigated at present (Barker, Kolb 2003; and 
references therein). 

The small mass of the secondary star in WZ Sge (for 
recent works, Steeghs et al. 2001a; Skidmore et al. 2002) 
has stimulated researchers to survey brown dwarfs in CVs 
(e.g. Ciardi et al. 1998; Littlcfair et al. 2000; Patterson 
2001; Mennickent, Diaz 2002; Littlefair et al. 2003. 

During the dormancy of WZ Sge after the 1978 out- 
burst, some outbursts of the members of WZ Sge stars 
have been observed, e.g. the 1992 outburst in HV Vir 
(Barwig et al. 1992; Leibowitz 1993; Kato et al. 2001c), the 
1995 outburst (Pych, Olech 1995; Kato et al. 1996; Howell 
et al. 1996; Szkody ct al. 1996; Patterson et al. 1996; 
Nogami ct al. 1997a) and the 2001 outburst (Ishioka 
ct al. 2002) in AL Com, the 1996-1997 outburst in EG 
Cnc (Matsumoto et al. 1998; Liu et al. 1998), the 1998 
outburst in V592 Her (Kato, Starkey 2002; Mennickent 
et al. 2002), and the 2000-2001 outburst in RZ Leo 
(Ishioka et al. 2001a). 

Among the peculiar properties of WZ Sge stars in 
outburst these observations revealed, the definitive be- 
havior commonly seen is the early supcrhump clearly 
distinguishable from the genuine (common) superhumps 
[Kato, Starkey (2002) did not find early superhumps in 
V592 Cas probably because of lack of observations in 
the early phase of the outburst]. The early superhumps 
have doubly-humped shapes in contrast to usually singly- 
humped shape of the genuine superhumps, and have pe- 
riods a little, but significantly shorter than the orbital 
period (see Ishioka ct al. 2002). For the early super- 
humps, some models have been proposed, e.g. an en- 
hanced hotspot model (Patterson et al. 1981), an im- 
mature superhump model (Kato et al. 1996), jet or axi- 
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Fig. 1. Long term light curve of the 2001 outburst of WZ 
Sge. The main outburst lasted about 25 days. After a dip 
around JD 2452140, WZ Sge caused twelve rebrightcnings 
followed by the long fading tail (see figure 2 in Ishioka et al. 
2002, or figure 1 in Patterson et al. 2002). The dots represent 
the observations reported to VSNET. The arrows point to the 
times when our observations were carried out. 

asymmetrically flared disk models (Nogami et al. 1997a), 
an irradiated secondary model(Smak 1993). 

Theoretical models for the outburst properties men- 
tioned at the top of this section, the outburst mech- 
anisms, and the rebrightcning phenomena observed in 
WZ Sge stars have been also published by many re- 
searchers, e.g. Osaki (1995); Warner et al. (1996); 
Hameury et al. (1997); Meycr-Hofmcister et al. (1998); 
Mineshige et al. (1998); Hameury et al. (1999); 
Meyer, Meyer-Hofmeister (1999); Hameury et al. (2000); 
Montgomery (2001); Lasota (2001); Patterson (2001); 
Osaki et al. (2001); Hcllier (2001); Buat-Menard 
et al. (2001); Buat-Menard, Hameury (2002). 

As we have reviewed here, WZ Sge is worthy to be called 
the King of dwarf novae. This dwarf nova gave rise to a 
new outburst in 2001, 23 years after the previous outburst, 
and many observation campaigns were immediately orga- 
nized. 

We here report on the results of our spectroscopic ob- 
servations performed during the fourth outburst in 2001. 
The next section is devoted to summarize investigations 
related to this outburst already published. The observa- 
tions are stated in section 3, and the section 4 describes 
the results separated into 6 periods. We reconstruct a 
story of the spectral evolution in section 5, and have dis- 
cussion regarding the outburst properties, the spectral fea- 
ture, and the behavior of the accretion disk in section 6. 
Summary and conclusions are put in the last section 7. 

2. 2001 Outburst 

The 2001 outburst of WZ Sge (figure 1) was caught 
by T. Ohshima at 2001 July 23.565 (UT) at m vis = 9.7, 
which was first reported to Japanese domestic mailing 
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list by M. Watanabe (vsnet-j 1415) 2 . R. Ishioka (vsnet- 
alert 6093) 3 soon confirmed this outburst and distributed 
it via VSNET (Kato et al. 2003). Following photom- 
etry on the same night revealed further brightening to 
"Vis ~ 8.0 and the presence of early superhumps (Ishioka 
et al. 2001b; Mattei et al. 2001). Landolt (2001) ob- 
tained multi-color photometry: V ~ 8.26, U — B ~ —0.97, 

B-V 0.11, V-R 0.02, R-I 0.03 about 

July 25.20 (UT), bluer than the colors in quiescence 
(e.g. B-V = 0.10(5), V-R= 0.16(5) in Misselt 1996). 
Early superhumps were confirmed by Kato et al. (2001a), 
who measured the period of the early superhump to be 
0.056652(6) d from photometric data obtained between 
July 24.46 and 27.01 (see also Ishioka et al. 2002). 

The spectrum at July 23.74 (UT) had absorption lines 
of Ha and H/3 superposed on a blue continuum (Ishioka 
et al. 2001b). In the next night, however, time-resolved 
spectra acquired by Baba et al. (2001) between July 
24.576 and 24.701 (UT) showed an emission component 
in the H/3 absorption line varying with its orbital period 
(see Baba et al. 2002). Doubly-peaked emission lines of 
He II 4686 and the Bowen blend of C m/N in around 4640 
A were also observed in the same spectra, which were not 
seen one day before (see figure 1 in Baba et al. 2002). 
From phase-resolved spectra taken between July 28.02 and 
28.24 (UT), Steeghs et al. (2001b) drawn Doppler maps 
of He II 4686 and C in 4647 which suggested that the 
accretion-disk emission was dominated by two spiral arms 
(see Kuulkers et al. 2002). 

The observations by the Chandra X-ray Observatory 
at July 27.11 (UT) were characterized by doubly-peaked 
modulations of the mean Oth-order count rate with the 
orbital period and broad (FWHM = 800-1200 km s" 1 ) 
emission lines of highly ionized species, such as O v-viii, 
Nc v-viii, Mg v-vn, Fe vii-ix (Wheatley et al. 2001). 
The spectrum observed in their second Chandra obser- 
vation around July 29.73 (UT) was accounted for with a 
multi-temperature thermal plasma model with a strong 
emission line at 2.4 keV, probably He-like S xv. 

The early superhumps were superseded by the gen- 
uine superhumps with a period of 0.057143(46) d on 
August 4.53 (UT), 12 days after the start of the out- 
burst (Kato et al. 2001b). The maximum timing of 
the superhumps systematically fluctuated around a lin- 
ear ephemeris [HJD = 2452126.755 + 0.057153(16) x E] 
with a probable period ~ 4 d, which were interpreted by 
the beat between the orbital and the superhump periods 
(Kato et al. 2001b). Kato et al. (2001b) also reported 
that a doubly-peaked profile of the superhump on August 
9 was changed to a singly-peaked profile on August 11. 

WZ Sge rapidly declined in the early days from the max- 
imum, and the decline then steadily became more gradual. 
Cannizzo (2001) proved that this trend is a natural result 
of decrease of the disk mass. Based on the growth of the 
early superhump amplitude around the supcrmaximum 

2 (http:/ /vsnct. kusastro.kyoto-u.ac.jp/vsnet/Mail/jl000/ 
msg00415.html). 

3 (http:/ /vsnct. kusastro.kyoto-u.ac.jp/vsnet/Mail/alert6000/ 
msg00093.html). 
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and the period of the early superhumps 0.05% longer than 
P or b, Ishioka et al. (2002) rejected the mass-transfer burst 
model for the outburst in WZ Sge originally proposed by 
Patterson et al. (1981). 

An asymmetric spiral structure was seen in the Doppler 
map of the doubly-peaked emission line He II 4686, but 
not in that of Ha, in July 24-27 (Baba et al. 2002). In the 
emission line Ha, Steeghs et al. (2001a) found a narrow 
emission component from the irradiated secondary star 
which first appeared in early August. The Ha Doppler 
map constructed by Steeghs et al. (2001a) from spectra 
on August 13 indicated that the disk emission was dom- 
inated by a strong extended bright spot. This map is 
much different from those in the early phase of the cur- 
rent outburst presented by Steeghs et al. (2001b) and 
Baba et al. (2002), but similar to those in quiescence (e.g. 
Skidmore et al. 2000). 

Quite intensive photometric observations were carried 
out throughout the entire outburst with the long fad- 
ing tail lasting over 100 days, which are summarized by 
Patterson et al. (2002) and Ishioka et al. (2004). They re- 
port a variety of photometric behavior in unprecedented 
detail, such as early superhumps, common superhumps, 
development and decay of these two types of humps, 
eclipses with a nature different from that in quiescence, 
12 repetitive brightcnings following the 3-days dip af- 
ter the main outburst, superhumps in the long fading 
tail. The limits on the masses were derived by Patterson 
et al. (2002) to be Mi > 0.8M Q and M 2 < 0.08M Q . 

Howell et al. (2003) obtained time-resolved infrared 
spectra on 2001 July 27, which contained emission lines of 
H, He I, He n, Fe I, Na I, Ca I, C I. Doppler maps of Pa/3, 
Pa7, He I, and He II drawn from their spectra showed spi- 
ral structures sharing the same feature with that of He II 
4686 in optical (Baba et al. 2002). However, the compo- 
nent with v x > km s _1 was dominant in the maps of 
Pa/3, Pa7, and He i. 

Far-ultraviolet observations during and after the 2001 
outburst were carried out with the Far Ultraviolet 
Spectroscopic Explorer (FUSE) (Long et al. 2003) and the 
Hubble Space Telescope (HST) (Knigge et al. 2002; Sion 
et al. 2003). The FUSE spectra on the 7th day of the 
outburst contained a strong O iv absorption line with 
a blue-shifted core and the absorption lines of moderate 
ionization-state ions. These lines suggest an outflow and 
a tenuous layer above the disk (or a vertically extended 
disk), which is supported by the HST observations by 
Sion et al. (2003). Long et al. (2003) also estimated the 
mass of the white dwarf to be 0.8 M Q , or larger, which 
is consistent with the results by Skidmore et al. (2000), 
Steeghs et al. (2001a) and Patterson et al. (2002). Knigge 
et al. (2002) observed WZ Sge on 2001 August 8 (plateau 
phase), 19 (dip), 22 (just after the first peak during the 
rcbrightening). Among three data sets, the August 22 one 
indicated 15-sec oscillations, similar to those seen in qui- 
escence (Provencal, Nather 1997). Possible 6.5-sec oscilla- 
tions on the same night were first time seen in the history 
of the WZ Sge study. Nevertheless, these oscillations were 
not caught on August 8 and 19. Knigge et al. (2002) did 
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not find evidence of 29-sec signals which had been detected 
by Robinson et al. (1978), Patterson (1980), Skidmore 
et al. (1997), Welsh ct al. (1997), Patterson et al. (1998b), 
Skidmore et al. (1999), and Skidmore et al. (2002). 

Based on the detailed observations of the early super- 
humps presented by Ishioka et al. (2002) and Patterson 
et al. (2002), two new models have been proposed 
by Osaki, Meyer (2002) and Kato (2002a). Osaki, 
Meyer (2002) described that early superhumps can be 
explained by tidal removal of the angular momentum 
from the accretion disk by the 2:1 resonance (Lin, 
Papaloizou 1979) 4 . The model by Kato (2002a) is an ap- 
plication of the tidal distortion effect in the accretion disk 
(see Smak 2002; Ogilvie 2002). 

Osaki, Meyer (2003) critically examined the "observed" 
evidence of enhanced mass transfer including that pro- 
posed by Patterson ct al. (2002), and argued that the 
overall light curve of the 2001 outburst does not require 
an assumption of enhanced mass transfer in the scheme of 
the thermal-tidal disk instability model. 

Being inspired by the complex superhump light 
curves observed during the 2001 outburst in WZ Sge, 
Osaki (2003) proposed a new method "helical tomogra- 
phy" , to analyze superhump light curves of SU UMa stars 
with high orbital inclination. 

3. Observation 

We obtained 83 optical spectra in total in 11 nights 
during the 2001 outburst (figure 1). Table 1 gives a jour- 
nal of the observations. The spectra of a medium reso- 
lution (~ 6 A) were taken with a Boiler & Chivens spec- 
trograph mounted on the 122-cm telescope of the Asiago 
Astrophysical Observatory of the University of Padova, 
using a 512 x 512-pixel CCD detector. An echelle spec- 
trograph on the 182-cm telescope of Mount Ekar station 
of the Astronomical Observatory of Padova and a CCD 
camera of 550x550 pixels were used to obtain the high- 
dispersion spectroscopy (resolution 0.6 A). 

The spectra were reduced in the standard ways using 
the IRAF package 5 at the Asiago Observatory. The sen- 
sitivity of the spectrographs were corrected using spectra 
of some spectrophotometric standard stars (BD+25 3941 
and HD 192281 for the medium dispersion spectroscopy, 
and 58 Aql for the high dispersion spectroscopy) obtained 
in the same nights. The signal-to-noise ratio at the contin- 
uum varies over 100 to ^20, depending on the sky condi- 
tion, the exposure time, and, most significantly, the object 
brightness. The orbital phase </>, which is used throughout 
this paper, is calculated with the following cphemcris: 

, BDJD-T 

-0cor— A)! (1) 



P 



orb 



4 Interestingly, Lin, Papaloizou (1979) originally introduced the 
idea of a spiral dissipation pattern due to the 2:1 resonance to 
explain the doubly-peaked shape of the orbital humps of WZ 
Sge observed in quiescence. 

5 IRAF is distributed by the National Optical Astronomy 
Observatories for Research in Astronomy, Inc. under cooper- 
ative agreement with the National Science Foundation. 



where T = 2437547.728868, P orb = 0.05668784707, and 
cor = -0.022 (see Skidmore et al. 2000). The E is set 
to be 256964 in order that the orbital phase in this paper 
starts around = 0. 

4. Results 

In this section, we describe detailed spectral feature, 
separating our observations into six periods. As in table 

1, period I is the very early phase of the outburst from JD 
2452114 to 2452118, period II is from 2452119 to 2452122, 
period III is on JD 2452128, period IV is the end of the 
main outburst on JD 2452137 and 2452138, period V is 
in the third minimum in the rebrightening stage on JD 
2452149, and period VI is at the 9th rebrightening peak 
on JD 2452158. 

4.1. Period I (JD 2452114-2452118, 1st- 5th day) 

The spectra obtained on JD 2452114 just around the 
outburst maximum are shown in figure 2. The continuum 
flux in figure 2b seems higher than those in Figure 2a and 
2c. This discrepancy should represent intrinsic modula- 
tions of the continuum, since the amplitude of the early 
superhump were about 0.5 mag around those observations 
(Ishioka et al. 2004). The error of the flux calibration is 
within 10 %. 

The continuum is very blue, and deep Balmer (except 
for Ha in emission) and He I absorption lines are super- 
posed on it, while He II and the C m/N in Bowen blend are 
in emission. Note that the strong high-excitation emission 
lines C IV 5802/5813 and N IV 5786/5796 are also present, 
which were first caught in dwarf novae. 

Figure 3 exhibits the spectra obtained by averaging 
all the spectra obtained during the period I after nor- 
malization at the continuum level. Ha and He n arc 
in doubly-peaked emission. The peak separations in the 
spectra where the blue- and red-peak wavelengths are eas- 
ily measured by Gaussian fitting are summarized in table 

2. Those of Ha and He n 4686 were rather small, ~700 
km s _1 , in the first night, then gradually increased. The 
broadening rate was larger in He II 4686 than in Ha. In 
contrast, the separation of He n 5411 was large since its 
emergence. The C IV and N IV emission lines were ob- 
served on JD 2452114 and 2452116. These emission lines 
were, however, not detected, or at least quite weak, on JD 
2452128 and later. Note that the Na I D 5890/5896 ab- 
sorption lines were also clearly present from our first run, 
while it suffered from significant contamination of He I 
5875. These high-excitation lines and Na I features do 
not exist in optical quiescence spectra (see e.g. Gilliland 
et al. 1986). 

The daily averaged line fluxes and equivalent widths 
(EWs) of emission lines (C m/N III, He n 4686, C iv/N IV 
complex, and Ha) are listed in table 3. It is difficult to 
separate C m/N ill and He II, as seen in figure 3. In this 
measurement, we simply accumulated the flux in the bluer 
region of the trough between the red peak of C m/N III 
and the blue peak of He II as the C m/N in line flux 
and in the redder region for He II. As for the C iv/N iv 
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Table 1. Log of the observations. 



Date 


Start 


Exposure 


File ID 


Mid BDJD 


Orbital 


Instr. 


Spectral 


Period Comments 






UT 


Time(s) 




(2400000+) 


Phase 




Range (A) 




Jul. 


23 


23:18 


300 


10550 


52114.47802 


0.255 


B&C 


3942-5130 


I 






23:41 


300 


10553 


52114.49368 


0.531 


» 


4844-6041 


» 




24 


00:08 


60 


10557 


52114.51157 


0.847 


» 


5698-6901 


» 






00:10 


300 


10558 


52114.51437 


0.896 


» 


JJ 


» 




25 


22:49 


300 


10562 


52116.45794 


35.182 


» 


3984-5173 


cloudy 




26 


00:03 


300 


10564 


52116.50894 


36.081 












00:40 


300 


10568 


52116.53492 


36.540 


" 


4767-5963 


» 






02:11 


180 


10577 


52116.59774 


37.648 




5818-7021 








02:15 


300 


10578 


52116.60102 


37.706 


» 


J) 


" 






02:25 


600 


10580 


52116.60967 


37.858 


» 


3983-5173 


» 




27 


21:30 


600 


10585 


52118.40481 


69.525 


» 


3985-5174 


» 






21:57 


600 


10588 


52118.42319 


69.850 


» 


J) 


» 






23:39 


600 


10595 


52118.49438 


71.106 






cloudy 






23:54 


300 


10597 


52118.50300 


71.258 




5771-6974 






28 


01:43 


300 


10603 


52118.57875 


72.594 






" 






22:48 


600 


10613 


52119.45913 


88.124 


" 


3937-5125 


II cloudy 




30 


21:38 


360 


10616 


52121.40921 


122.525 


» 


3924-5111 


" 






21:48 


600 


10618 


52121.41743 


122.670 


» 




» 






22:20 


360 


10620 


52121.43779 


123.029 


» 




» 






22:28 


360 


10622 


52121.44388 


123.136 


» 




» 






22:37 


360 


10624 


52121.44961 


123.237 




" 








22:43 


360 


10625 


52121.45427 


123.319 




" 








22:53 


360 


10626 


52121.46127 


123.443 












23:02 


360 


10628 


52121.46729 


123.549 






» 






23:09 


360 


10629 


52121.47199 


123.632 


» 




» 






23:16 


360 


10630 


52121.47708 


123.722 


» 


" 


» 






23:23 


360 


10631 


52121.48152 


123.800 


» 




» 




31 


21:43 


600 


10637 


52122.41396 


140.249 




4038-5227 


» 






21:56 


600 


10639 


52122.42288 


140.406 




" 


cloudy 






22:09 


600 


10640 


52122.43203 


140.568 




" 








22:21 


600 


10642 


52122.44016 


140.711 




" 


» 






22:33 


600 


10644 


52122.44844 


140.857 


» 




» 






22:43 


600 


10645 


52122.45578 


140.987 


» 




» 






22:54 


600 


10646 


52122.46309 


141.116 


» 




" 






23:06 


600 


10648 


52122.47153 


141.264 


» 




" 






23:17 


600 


10649 


52122.47887 


141.394 


" 




» 






23:27 


600 


10650 


52122.48619 


141.523 






" 


Aue. 


1 


00:00 


300 


10654 


52122.50691 


141.889 


" 


5775-6979 


" 






00:07 


360 


10656 


52122.51234 


141.984 




» 


" 






00:13 


360 


10657 


52122.51670 


142.061 


» 




» 






00:20 


360 


10658 


52122.52125 


142.142 


» 




» 






00:30 


360 


10659 


52122.52807 


142.262 


» 




» 






00:39 


360 


10662 


52122.53460 


142.377 


» 


" 


» 






00:46 


360 


10663 


52122.53933 


142.460 






» 






00:52 


360 


10664 


52122.54398 


142.543 






» 






01:00 


360 


10665 


52122.54942 


142.638 






» 






01:09 


360 


10667 


52122.55512 


142.739 


» 




» 






01:16 


360 


10668 


52122.56011 


142.827 


» 




» 






01:23 


360 


10669 


52122.56498 


142.913 


» 




» 






01:30 


360 


10670 


52122.57006 


143.002 


» 




" 






01:38 


360 


10672 


52122.57538 


143.096 












01:45 


360 


10673 


52122.58052 


143.187 












01:52 


360 


10674 


52122.58564 


143.277 












02:00 


360 


10675 


52122.59058 


143.364 












02:07 


360 


10676 


52122.59541 


143.450 












02:15 


360 


10678 


52122.60121 


143.552 






cloudy 






02:22 


360 


10679 


52122.60602 


143.637 






cloudy 



G 
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Table 1. (continued) 



Date Start Exposure File ID Mid BDJD Orbital Instr. Spectral Period Comments 



Aug. 6 



UT 


Time (s) 




(2400000+) 


Phase 




Range (A) 




22:09 


900 


37106 


52128.43328 


246.432 


Echcllc 


4327-6891 


III 


22:28 


900 


37107 


52128.44668 


246.669 








22:46 


600 


37109 


52128.45773 


246.864 








22:58 


600 


37110 


52128.46569 


247.004 








23:09 


600 


37111 


52128.47366 


247.145 








23:21 


600 


37112 


52128.48182 


247.289 








23:35 


600 


37114 


52128.49170 


247.463 








23:47 


600 


37115 


52128.49971 


247.604 








23:58 


600 


37116 


52128.50762 


247.744 








00:10 


600 


37117 


52128.51557 


247.884 








00:21 


600 


37118 


52128.52348 


248.024 








00:45 


600 


37121 


52128.53984 


248.312 








00:56 


600 


37122 


52128.54783 


248.453 








00:33 


600 


10729 


52137.53196 


406.937 


B&C 


3999-5188 


IV 


00:44 


1200 


10730 


52137.54310 


407.134 








01:07 


1200 


10732 


52137.55883 


407.411 








23:26 


1200 


10740 


52138.48867 


423.814 




3998-5187 


11 


23:48 


1200 


10742 


52138.50420 


424.088 




» 


11 


00:11 


1200 


10744 


52138.52008 


424.368 




» 


11 


00:35 


1200 


10746 


52138.53647 


424.657 






J? 


22:19 


1800 


10993 


52149.44533 


617.095 




3948-5136 


V 


23:00 


1800 


10995 


52149.47395 


617.600 






J? 


23:37 


1800 


10997 


52149.49919 


618.045 




» 


11 


00:53 


1200 


11003 


52149.54910 


618.925 




5772-6976 


11 


22:16 


2400 


11021 


52158.44629 


775.876 




3938-5125 


VI 



Table 2. Peak separations (km s -1 ) of emission lines aver- 
aged each day. The standard deviations are written in the 
parentheses. Each observing period is partitioned by hori- 
zontal lines. 



JD* He ii H/3 He n Ha 

4686 5411 

52114 660 1 1320 t 740(40) 

52116 1080(130) 1390+ 870(30) 

52118 1050(150) 840(100) 

52TI9 1020 1 

52121 1110(170) 

52122 1210(140) 1180(100) 

52128 1260(230) 1250(210) 1060(90j 
52137 1370(90) 

52138 1330(80) 

52149 1370(40) 1300 f 

52158 

*JD-2400000. 

+ single spectrum. The typical l-cr error for one 
measurement is ~30 km s" 1 . 



complex, we measured the combined flux. The line flux of 
the C ili/N III and He 11 lines became largest 4 days after 
the outburst maximum, while Ha is almost constant. The 
C iv/N iv complex was seen only first three days. 

Table 4 summarizes the daily averaged equivalent 
widths (EW) of other Balmer and He 1 absorption lines. 
Some of them became emissions later. 

4.2. Period II (JD 2452119-2452122, 6th-9th day) 

As in the period I, He 11 4686, C ili/N III Bowen blend, 
and Ha were doubly-peaked emission lines (figure 4a). 
The fluxes of C Ili/N HI, He 11, and Ha were smaller dur- 
ing the period II than those during the period I. The peak 
separation of He 11 4686 was about same as that at the 
end of the period I. Ha had peaks separated significantly 
broader than in the period I, and the peak separations of 
He 11 4686 and Ha were almost same. 

The Balmer and He 1 absorption lines started to ex- 
hibit emission components in the wings (figure 4b). Table 
4 shows that the EWs decreased, but these absorption 
feature became deeper between figures 3 and 4. The He 11 
4686 emission line suffered from significant contamination 
by He 1 4713. 

We have performed period analyses on the line flux of 
emission lines and the equivalent width of absorption lines 
obtained during this period, in the range of 10-100 d _1 . 
In these analyses, we used the data obtained in BDJD 
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Table 3. Line fluxes in a unit of 10 — 12 erg cm -2 s~ x A -1 and equivalent widths in A(a negative EW for an emission line) of 
emission lines averaged each day. The \-a errors are written in parentheses. 



JD* 


C in 


He nf 


He ii 


C iv 


Ha 




N in 


4686 


5411 


N iv 




52114 


7 9(0 


6 fifO 8) 


1 6ffl 9) 


4 5f0 8"l 


9 6(0 3*1 


CEW) 


-2.8(0.1) 


-2.7(0.1) 


-0.8(0.1) 


-3.6(0.4) 


-3.1(0.1) 


52116 


5.9(1.0) 


6.7(1.0) 


1.1(0.2) 


2.7(0.3) 


2.4(0.3) 


(EW) 


-3.8(0.3) 


-4.0(0.2) 


-0.8(0.1) 


-3.3(0.1) 


-3.2(0.1) 


52118 


7.7(1.5) 


8.4(1.1) 






2.4(1.0) 


(EW) 


-5.9(0.6) 


-6.5 0.2) 






-4.1(1.3) 


52119* 












(EW) 


-3.1(0.2) 


-4.5(0.2) 








52121 


1.8(0.5) 


3.7(1.2) 








(EW) 


-1.7(0.4) 


-3.9(0.9) 








52122 


2.8(0.6) 


3.7(0.6) 






1.1(0.3) 


(EW) 


-3.3(0.4) 


-4.7(0.4) 






-3.9(0.7) 


52128 


0.8(0.2) 


2.6(0.5) 






2.4(0.8) 


(EW) 


-1.2(0.2) 


-4.7(0.5) 






-8.2(2.0) 



52m 1.0(0.2)!! 
(EW) -1.1(0.1)5 
52138 0.6(0.2) § 
(EW) -0.8(0.1) § 



52149 0.5(0.1) 

(EW) - - -15.5(0.1) 

52158 

(EW) 

*JD-2400000. 

^Contaminated by the He I 4713 absorption line. 
*Flux was not able to be measured due to clouds. 
§ Combined flux of C m/N in and He II. 



2452121.409-2452122.467 (July 30 and 31) for RS, H 7 , 
He i 4387, He i 4471, C m/N in, He n 4686, H/3, and 
He I 4922, and the data obtained in HJD 2452122.506- 
2452122.607 (August 1) for He I 5875, Ha, and He I 6678. 
The power spectra are exhibited in figure 5. Most of the 
lines seem to have modulated with periods close to P or b- 
Confirmation is, however, needed, since the coverages are 
not quite sufficient. Note that Howell et al. (2003) also 
reported EW modulations of H and He with respect to 
the orbital phase in IR spectra obtained on 2001 July 27. 

4.3. Period III (JD 2452128, 15th day) 

The spectra were obtained with an echclle spectrograph 
in this period (figure 6). While the emission line fluxes of 
He II 4686 and C ili/N ill were smaller than those in the 
period II, that of Ha become larger than in the period II 
(table 3). The intensities of the peaks of Ha, especially 
the bluer peak, became much higher. The peak separa- 
tions of He II 4686 and Ha were 1260(±230) km s" 1 and 
1060(±90) km s"\ respectively (table 2). 

As listed in table 4, He I absorption lines varied differ- 
ently from a line to a line. He I 4388 became broader in 
EW, but He I 4471 was almost constant from the period I. 
He I 4922 and 6678 was in emission. The strong contami- 
nation from Na I makes it difficult to accurately measure 



the equivalent width of He I 5875. The H/3 equivalent 
width became narrower, and the Ha emission line grew in 
EW. The emission components of He I and Balmer lines 
got strong and the absorption components became deeper 
since from period II. 

44. Period IV (JD 2452137-2452138, 24th-25th day) 

This period corresponds to the very end of the main 
outburst. On the second day of this period, JD 2452138, 
WZ Sge was in the rapid fading phase. The averaged, 
normalized spectrum is drawn in figure 7. The spectra 
obtained on JD 2452137 show Hy and US emission compo- 
nents possibly superposed on shallow absorption features, 
while H/3 is a pure, strong, doubly-peaked emission line 
(table 4). All the Balmer lines were in pure emission on 
JD 2452138. He 1 4387 and 4471 were in absorption, but 
He 1 4921 was in emission with a doubly-peaked shape. 
The peak separations of H/3 were ~1350 km s _1 . 

The C m/N in and He 11 4686 emission lines had de- 
clined and was not able to be separated. They were, how- 
ever, still present at the end of the main outburst. 

4.5. Period V (JD 2452149, 36th day) 

As stated above, WZ Sge repeated 12 short rebrightcn- 
ings, after the main outburst. The observation of this 
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Table 4. Line fluxes in a unit of 10 12 erg cm 2 s 1 A 1 and equivalent widths in A(a negative EW for an emission line) of 
absorption lines averaged each day. 



JD* 


He i 


E5 


H 7 


He i 


He i 


H/3 


He i 




4026 


4101 


4340 


4388 


4471 


4861 


4922 


52114 


-3.3(0.3) 


-12.4(2.0) 


-11.1(1.1) 


-0.6(0.2) 


-4.8(0.3) 


-7.4(0.2) 


-1.0(0.2) 


(EW) 


1.0(0.1) 


4.0(0.1) 


4.0(0.1) 


0.2(0.1) 


1.8(0.1) 


3.5(0.1) 


0.5(0.1) 


52116 


-1.5(0.5) 


-9.6(2.9) 


-7.7(1.7) 


-0.8(0.4) 


-2.7(0.6) 


-3.9(2.4) 


-0.5(0.3) 


(EW) 


0.6(0.2) 


4.0(1.2) 


3.7(0.8) 


0.4(0.2) 


1.4(0.3) 


2.5(1.5) 


0.3(0.2) 


52118 


-1.2(0.4) 


-5.8(2.5) 


-4.4(1.4) 


-0.7(0.2) 


-2.4(0.8) 


-2.2(1.3) 


-0.6(0.3) 


(EW) 


0.6(0.2) 


3.0(1.3) 


2.6(0.8) 


0.4(0.1) 


1.5(0.5) 


1.7(1.0) 


0.5(0.2) 


52119* 
















(EW) 


0.5(0.1) 


3.4(0.1) 


3.1(0.1) 


0.4(0.1) 


1.6(0.1) 


2.0(0.1) 


0.5(0.1) 


52121 


-0.9(0.3) 


-4.5(1.3) 


-3.5(1.3) 


-0.3(0.1) 


-1.5(0.4) 


-1.4(0.3) 


-0.4(0.2) 


(EW) 


0.7(0.2) 


3.5(1.0) 


3.1(1.1) 


0.3(0.1) 


1.4(0.4) 


1.7(0.4) 


0.5(0.2) 


52122 




-3.1(0.5) 


-2.9(0.4) 


-0.4(0.2) 


-1.6(0.3) 


-1.3(0.2) 


-0.5(0.2) 


(EW) 




2.6(0.4) 


2.7(0.4) 


0.4(0.2) 


1.6(0.3) 


1.6(0.2) 


0.6(0.2) 


52128 








-1.0(0.3) 


-1.1(0.3) 


-0.6(0.6) 


0.05(0.05) 


(EW) 








1.7(0.6) 


1.9(0.5) 


1.3(1.2) 


-0.1(0.1) 


52137 


-0.08(0.03) 


0.03(0.03) 


-0.10(0.03) 


0.05(0.02) 


-0.1(0.1) 


0.29(0.02) 


0.13(0.02) 


(EW) 


0.3(0.1) 


-0.1(0.1) 


0.4(0.1) 


-0.2(0.1) 


0.5(0.4) 


-1.5(0.1) 


-0.7(0.1) 


52138 


-0.06(0.08) 


0.27(0.15) 


0.49(0.10) 


0.09(0.03) 


-0.03(0.05) 


0.74(0.14) 


0.11(0.07) 


(EW) 


0.3(0.4) 


-1.4(0.8) 


-2.9(0.6) 


-0.5(0.2) 


0.2(0.3) 


-5.9(1.1) 


-0.9(0.6) 


42149 






0.17(0.02) 






0.25(0.03) 




(EW) 






-3.4(0.4) 






-6.2(0.8) 


-0.1(0.1) 


52158 


0.09(0.04) 


-0.57(0.03) 


-0.53(0.10) 




-0.13(0.01) 


-0.27(0.03) 




(EW) 


-0.7(0.3) 


4.4(0.2) 


4.4(0.8) 




1.1(0.1) 


2.8(0.3) 





*JD-2400000. 



* Contaminated by Na I D 

*Flux was not able to be measured due to clouds. 



JD 


He I 


He I 




5875* 


6678 


52114 


-1.0(0.1) 


-0.2(0.1) 


(EW) 


0.9(0.1) 


0.3(0.1) 


52116 


-0.3(0.1) 


0.2(0.1) 


(EW) 


0.3(0.1) 


-0.3(0.1) 


52118 


-0.8(0.3) 


0.1(0.1) 


(EW) 


1.0(0.4) 


-0.2(0.2) 


52119 






(EW) 






52121 






(EW) 






52122 


-0.7(0.2) 


0.03(0.12) 


(EW) 


1.7(0.5) 


-0.1(0.4) 


52128 


-0.5(0.2) 


0.3(0.1) 


(EW) 


1.6(0.7) 


-1.2(0.5) 


52137 






(EW) 






52138 






(EW) 






52149 


0.02(0.00) 




(EW) 


-0.7(0.1) 




52158 






(EW) 
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Fig. 2. Spectra (File ID: 10550, 10553, and 10558) around 
the maximum of the 2001 outburst of WZ Sge. The abscissa 
is the wavelength in A and the ordinate is the flux in erg 
cm -2 s _1 A -1 . The spectra have a very blue continuum and 
show Balmer, He I, and Na I D absorption lines, and He II, 
C Ill/N III Bowen blend, C IV and N IV emission lines. 




6000 6200 6400 6600 6800 

Wavelength 



Fig. 3. Normalized spectra obtained by averaging the period 
I data of File ID: 10550-10603. Balmer, other than Ha, and 
He I lines are in absorption, and Ha and He II emission lines 
have a doubly-peaked shape. Other high-excitation lines, i.e. 
C Ill/N III, C iv/N IV, are also present. The broad absorption 
feature around 5600A in Figure b and the broad and narrow 
troughs on the bluer side of Ha in figure c are due to the 
atmospheric absorption. 
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Fig. 4. Normalized spectra obtained by averaging the period 
II data of File ID: 10613-10679. Balmer, other than Ha, and 
He I lines are in absorption, while some of these lines exhibit 
emission components in the wing. Ha and He II emission lines 
have a doubly-peaked shape, as in figure 3. 






i i- 

Hel 4387 ■ 


ill 1 


{llf 




\ Hel 6678 




20 30 10 20 30 
Frequency (d _1 ) 

Fig. 5. Power spectra of the EW or line-flux variation in the 
period II. The dotted lines represent the orbital frequency. 
Most of lines seem to show modulations with periods close to 
^"orb • 



2001 August 6 





5500 

Wavelength 



Fig. 6. Normalized spectra obtained by averaging the period 
III data of File ID: 37106-37122. The small 'waves' with 
a typical scale of ~130 A are due to difficulty of complete 
sensitivity correction on echelle spectra. 



2001 August 15— IS 



4400 4600 
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Fig. 7. Normalized spectrum obtained by averaging the pe- 
riod IV data of File ID: 10729-10746, at the end of the main 
outburst. Balmer lines became in strong emission. He I 
4471 was a weak absorption, and He I 4921 was a weak dou- 
bly-peaked emission line. The He II 4686 and C Ill/N III emis- 
sion lines had decreased, but were still clearly detectable. 

period were carried out around the bottom of the dip 
between the third and fourth rebrightenings (V ~ 12.4). 
Spectral feature in figure 8a is almost identical with that 
in the period IV (figure 7). The He n 4686 and C m/N in 
emission lines, however, disappeared. In figure 8b, He I 
5875 is a doubly-peaked emission line and the Na I D dou- 
blet which had been in deep absorption during the main 
outburst was not detectable. The peak separation of Ha 
and H/3 were ^1300 km s _1 and 1370(40) km s _1 , respec- 
tively. The red components of the doubly-peaked shapes 
in Balmer emission lines have stronger peak intensities 
than the blue components, while both components have 
almost same intensity in He I 5875. 
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2001 August 28 




6200 6400 
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Fig. 8. Normalized spectrum obtained by averaging the pe- 
riod V data of File ID: 10993-10997, and normalized spectrum 
of File ID: 11003, which were obtained during the dip between 
the third and the fourth rebrightenings. Spectral feature in 
the upper panel was almost same as in figure 7. He II 4686 
and C m/N in were not detectable. Na I D doublet observed 
during the main outburst disappeared. 



4.6. Period VI (JD 2452158, 45th day) 

Our last observation was performed around the top of 
the 9th rcbrightcning (V ~ 11.7). All the Balmer lines 
were in strong absorption (figure 9). These absorption 
lines have asymmetric shapes. The red slopes may be 
affected by an emission contribution. Note that the full 
width at zero intensity (FWZI) is broadest in H7, and 
narrowest in H/3 among the Balmer lines. He 1 4471 was 
still in strong absorption, but the other He 1 lines were 
weak. He 11 4686 and C iii/N in were not detectable, as 
well as in the period V. 

5. Spectral Evolution 

5.1. The 2001 outburst 

The maximum time of this outburst can be accurately 
estimated to be BDJD 2452114.7-2452114.8 with figure 1 
in Ishioka et al. (2002). The first 6 low-resolution spec- 



Fig. 9. Normalized spectrum of File ID: 11021. This spec- 
trum was obtained at the 9th peak (period VI). 

tra presented in Baba ct al. (2002) were taken around 
HJD 2452114.26, about 12 hours before the maximum. 
The average spectrum of these contains only absorption 
lines of Ha, H/3, and He 1 4922, 5876, and 6678. We 
performed the first run 5.5 hours after the observation by 
Baba et al. (2002), but still before the outburst maximum. 
As shown in figure 2 and 3, dramatic changes occurred 
on the spectrum in the meantime: Ha became an emis- 
sion line and high-excitation lines of C m/N III blend, 
He 11 4686 and 5411, and surprisingly, C IV 5802/5813 
and N iv 5786/5796 emerged. The C iv/N iv complex 
has been caught for the first time in the history of the 
dwarf nova study in the best knowledge of the authors. 
These C iv/N iv emission lines disappeared by the 5th 
day of the outburst (figure 4) . 

The emission lines of He 11 4686, 5411 and C m/N ill 
Bowen blend also emerged during 5.5 hours before our 
1st run. In contrast to the C iv/N iv complex, these 
emission lines increased their line flux in period I, and 
persistently existed during the main outburst (table 3). 
Kuulkers et al. (2002) revealed existence of the spiral 
structure in the emissivity distribution of He 11 4686 
and the Bowen blend by the Dopplcr tomography tech- 
nique (Marsh, Home 1988) during the period I. Baba 
et al. (2002) also reported an asymmetric spiral structure 
of He 11 4686 and no remarkable feature in the Ha map. 

The line flux of He 11 4686 got larger for the period I, 
then decreased till JD 2452121. On the next day, He II 
4686 rebrightened, and subsequently faded again. We did 
not detect this line during the rcbrightcning phase (period 
V and VI, figures 8 and 9). The C m/N in Bowen blend 
behaved in the almost same manner in the line flux. 

The peak separation of He 11 4686 was rather small, 
~660 km s _1 on JD 2452114, then kept almost constant 
around 1100 km s _1 during the periods I and II. The 
small peak separation on the first day, which was as small 
as that of Ha, may suggest that the surface tempera- 
ture was very high (>25,000 K) even at the edge of the 
large accretion disk just before the outburst maximum (cf. 
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~1,400 km s -1 of the peak separation of Balmer lines in 
quiescence, e.g. Mason et al. 2000). It is, however, note- 
worthy that this small value was measured in a spectrum 
of File ID 10550 obtained at an orbital phase of 0.255. 
The trailed spectra of He n 4686 in Baba et al. (2002) 
and Kuulkcrs et al. (2002) show that the peak separa- 
tion varied with the orbital phase and was smallest at the 
phase around 0.25, although the peak separation might 
get broadened in the period of ~0.5 day between our first 
observation and that of Baba et al. (2002). 

The He II 5411 already had a large separation of over 
1,300 km s _1 during the period I, which is as large as that 
of He II 4686 on JD 2452128. We can not sec this line in 
the spectra in the period III (figure 6). 

The Na I D absorption line was in deep absorption from 
the period I to, at least, the period III (figures 3, 4, 6), 
although it was not seen during the rcbrightcning phase 
(period V, figure 8). 

At last, we describe the spectral evolution of Balmer 
lines. The spectra obtained by Baba et al. (2002) around 
BDJD 2452114.26 demonstrated Ha and H/3 in absorp- 
tion. About 5.5 hours later, however, Ha was observed 
to be a strong, doubly-peaked emission with a line flux 
of 2.6 x 10~ 12 erg cur 2 s" 1 A -1 , and an EW of -3.1 
A(table 3). These values are about 30 times larger than 
that in quiescence in the line flux (Mason et al. 2000) 
and about 30 times narrower than that in quiescence in 
the EW (Gilliland et al. 1986). The peak separation was 
740(40) km s _1 , half of that in quiescence. This fact sug- 
gests that the radius of the region forming the Ha emission 
line was much larger just before the outburst maximum 
than that in quiescence. This topic will be discussed later 
(section 6.4). All the higher Balmer lines were in absorp- 
tion in the period I (figure 3). 

With the outburst going, the Ha emission line steadily 
became strong in the EW, but stayed almost constant in 
the flux during the main outburst. The peak separation 
gradually grew. Nevertheless, it was about 1,100 km s _1 
in the period III, still smaller than that in quiescence. 
In the period V, i.e. in a minimum in the rcbrightcning 
phase, the flux of Ha was smaller than that in the main 
outburst, but still several times larger than that in quies- 
cence. The peak separation was significantly larger than 
that in the main outburst, but a little smaller than that 
in quiescence. 

The other Balmer lines decreased their EWs with time, 
and then finally became emission lines in the period III 
(H/3) and in the period IV (H7 and H5), around the end 
of the main outburst. The H/3 and higher Balmer lines 
were in absorption again in the period VI. The FWZIs of 
H7 and US was much larger than those in the period I, 
making the EWs in the period VI broader than those in 
the period I. 

5.2. Comparison with the spectra in other outbursts in 
WZ Sge 

The spectra in the 15th, 17th, 19th, and 23rd day of 
the 1946 outburst observed by G. Herbig were reported 
by McLaughlin (1953). These spectra had doubly-peaked 



emission lines of H/3, H7, and US with peak separations 
of ~15 A and FWZI of ~50 A, in contrast to that H/3 was 
in strong absorption with weak doubly-peaked emission 
component on the 15th day in the present outburst (pe- 
riod III, figure 6). The peak separations of H/3-H<5 were 
^500-800 km s _1 on the 15th day, much narrower than 
in the period III (section 4.3). Wide, weak absorptions 
of He 1 4026 and 4471 were also present. They noted 
detection of Fe II 4233 and absorption features —2,400 
km s _1 apart from Hy and US and —3,700 km s _1 apart 
from H/3, which were not in our spectra. On the other 
hand, McLaughlin (1953) mentioned that no other emis- 
sion/absorption lines were found, though our spectra on 
the 15th day of the 2001 outburst (figure 6 and table 4) 
clearly show strong He 11 emission line. 

The 1978 outburst was noticed at 1978 December 

I. 1 (UT) and reached its maximum on the same day 
(Patterson et al. 1978). The first spectroscopic obser- 
vation was started at December 1.7 (UT) by Brosch 
et al. (1980). Ha had a weak, singly-peaked profile in 
the spectra at December 1.7 (UT), but was observed to 
be in a doubly-peaked shape with peak separations of 
~500 km s _1 in December 2.7-7.7. This constancy of 
the peak separation of Ha was independently revealed by 
Gilliland, Kemper (1980). The velocities of the peaks of 
Ha were also constant, within ±15 km s , on December 
7 (Gilliland, Kemper 1980). 

Crampton et al. (1979) also obtained optical time- 
resolved spectra on 1978 December 6 and 7. In their 
spectra, H/3 was already in emission with double peaks 
(peak separation ~600 km s _1 ). The semi-amplitudes of 
the radial velocities of H/3 were small, 19(±7) km s _1 , 
13(±18) km s _1 , and 43(±9) km s" 1 for the central ab- 
sorption, the blue peak, and the red peak, respectively. 
The average semi-amplitude of those radial velocities of 
H7-5 was larger, 162(±37) km s -1 . C m/N in emission 
was already weak at that time. 

Patterson et al. (1978) reported on spectral lines in their 
time-resolved spectra. Although the date when the spec- 
tra were taken is not written in the IAU Circular, the line 
feature of the Balmer series, He I, He II, and the Bowen 
blend is nearly identical with ours in the period I and 

II. The spectra in the early phase obtained by Ortolani 
et al. (1980) also showed the same feature. 

Nevertheless, the variation of the lines in the later phase 
in the main outburst (Gilliland, Kemper 1980; Ortolani 
et al. 1980; Walker, Bell 1980) was different from that in 
our spectra: He 11 4686 was already weak on the 10th 
day, and Ha became weaker in contrast to that it became 
stronger in our data (table 3). 

In the dip and the rebrightcning phase, the spectra in 
Ortolani et al. (1980) was again the same as ours. 

As seen in this section, the spectral feature and its evo- 
lution seem slightly different among those in the 1946, 
1978, and 2001 outbursts, even in the same system WZ 
Sge. 
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5.3. Comparison with the spectra in other SU UMa stars 
in superoutburst 

The spectroscopic observations of an eclipsing dwarf 
nova, Z Cha in superoutburst were done by Vogt (1982) 
and Honey et al. (1988). Doubly-peaked emission lines of 
the Balmer series superposed on shallow, broad absorp- 
tion components, He I absorptions, and emission lines of 
He II 4686 and C m/N in were seen in their spectra. Wu 
et al. (2001) spectroscopically observed another eclipsing 
star, IY UMa during the 2001 superoutburst. They also 
observed emission lines of the Balmer series, He I, and the 
He n-C m/N in complex. In addition, Na I D absorption 
was detected. 

In contrast to the high-inclination systems including 
WZ Sge in this paper, VY Aqr (Augusteijn 1994) and SX 
LMi (Wagner et al. 1998) in superoutburst did not have 
the emission line of He II 4686. Another WZ Sge star, EG 
Cnc did not show the He II 4686 emission line (Patterson 
et al. 1998a). Their spectra of EG Cnc were, however, 
obtained during the rcbrightening (echo-outburst) phase, 
and this emission line was not firmly detected also in our 
spectra in the rcbrightening phase (phases V and VI, fig- 
ures 8 and 9). Na I D absorption was seen in the EG Cnc 
spectra, while we can not see it in the rebrightening phase 
(figure 8). 

The spectra of another WZ Sge star, V592 Her ob- 
tained on the 3rd day of the outburst by Mcnnickcnt 
et al. (2002) showed absorption lines with an emission core 
of the Balmer series including Ha and He I, and a weak 
doubly-peaked emission line of He n 4686. Na I absorption 
was not present in the spectra. 

In conclusion, visibility of the He II 4686 emission line 
seems to depend on the inclination, and it is not only in 
WZ Sge-type dwarf novae that the Na I D line is seen. 

6. Discussion 

6.1. Outburst properties 

The outbursts in WZ Sge had been observed three times 
in 1913, 1946, and 1978 with a recurrence cycle of 32.5 
years. Breaking this punctuality, however, WZ Sge has 
underwent a new outburst only 23 years after the last 
1978 outburst. 

Besides of the stable recurrence cycle of the first three 
outbursts, the long term outburst light curve varied from 
one to the other (see figure 1 in Kuulkers et al. 2002; see 
also figure 1 in Ortolani et al. 1980). In the 1913 out- 
burst, the main outburst seems to have lasted about 38 
days, or maybe had lasted around 28 days and the point 
on the 37th day from the onset was in the rcbrightening 
phase (sec Brosch 1979; Ortolani et al. 1980). The 1946 
outburst consists of only a main outburst of 29 days fol- 
lowed by a long fading tail (Mayall 1946; Eskioglu 1963). 
During the 1978 outburst, the best observed one among 
these three, WZ Sge had kept the plateau phase of the 
main outburst for 32 days. After a dip of ^3 days fol- 
lowing the plateau phase, WZ Sge caused a rebrightening 
which lasted at least 20 days. It is not clear whether 



this rcbrightening was the 'second superoutburst' as in 
the AL Com 1995 outburst (Nogami et al. 1997a), or a 
complex of many repetitive outbursts like during the cur- 
rent outburst. Comparing these previous outbursts, the 
2002 outburst has characteristics of the relatively short 
main outburst of ~25 days and the following rebrighten- 
ing phase consisting of 12 short outbursts for 24 days. 

The total energy emitted during the 1978 outburst 
seems a little larger than that during the 2001 outburst, 
at least, if we compare them in optical. The ratio of them 
is, however, obviously smaller than the ratio of the qui- 
escence durations before each outburst, i.e. 33 years to 
23 years. Regarding the 1946 outburst and the 1978 one, 
the outburst light curves indicate that the radiated en- 
ergy during the 1946 outburst was much smaller than that 
during the 1978 outburst, while the quiescence durations 
before each outburst were nearly the same, ~33 years. 
These imply that the condition to cause an outburst in 
WZ Sge does not depend only on the mass stored in the 
accretion disk, and the mass transfer changes even in WZ 
Sge (an increasing trend at least in these several tens of 
years). 

Variations of the outburst patters have been minutely 
demonstrated in many dwarf novae, especially in re- 
cent years, such as in DI UMa (Fried et al. 1999), SU 
UMa (Rosenzweig et al. 2000; Kato 2002b), V1113 Cyg 
(Kato 2001), V503 Cyg (Kato et al. 2002), DM Lyr 
(Nogami et al. 2003a) and MN Dra (Nogami et al. 2003b). 
The currently most plausible model for these variations is 
rooted in the the solar-type cycle in the secondary star 
(Warner 1988; Bianchini 1990; Ak et al. 2001). If this sce- 
nario is true, the secondary star in WZ Sge is suggested to 
have magnetic activities, although the secondary is con- 
sidered to be (close to) a degenerate star as described 
above. 

This would be observed as changes of the bright- 
ness in quiescence. Although analyses of the quiescent 
eclipse times and the long-term light curve of WZ Sge by 
Skidmorc et al. (2004) have yielded no evidence for cycli- 
cal modulations, it will be necessary to pile up the quies- 
cence observations for more decades in order to judge the 
magnetic activity of the secondary star. The continuous 
observation reports by amateur observers will be of much 
help for this study. 

6.2. Radial Velocity Variations and Line Forming 
Regions 

During the previous 1978 outburst, Gilliland, 
Kemper (1980) found that the radial velocities of 
the emission components of Ha stayed constant within 
±15 km s _1 and the peak separation of this line (^440 
km s _1 ) did not vary for over one orbital period in the 
spectra obtained in the 7th night of the outburst. This 
separation did not change from the 5th night to the 8th 
night. 

Our observations, however, do not affirm the station- 
ary Ha emission. The Ha peak separation indicated an 
increase trend (table 2), and the radial velocity changed 
with a large amplitude. Table 5 summarizes the radial 
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Table 5. Radial velocities of lines in a unit of km s 1 on 2001 July 30 and 31, and August 1 and 6. The marks, * and t represent 
the blue component and the red component of the double peaks, respectively. The typical l-a error is ~30 km s _1 . 



July 30 


He 


He II 


US 


H<7 


He I 


He II* 


He ii r 


H/3 


He I 


He I 


Frame ID 




4026 






4471 


4686 


4686 




4921 


5015 


10616 


-6.9 


-44.0 


-43.9 


-58.8 


-88.2 


-855.3 


582.9 


-52.0 


-58.1 


126.2 


10618 


161.3 


257.6 


47.7 


-15.6 


63.9 


-469.8 


614.1 


-3.7 


97.9 


153.8 


10620 


154.7 


130.2 


6.8 


-10.9 


37.5 


-578.4 


590.0 


-49.8 


50.5 


68.7 


10622 


75.3 


119.8 


-49.6 


-88.8 


-120.8 


-467.5 


482.2 


-90.8 


-59.8 


150.1 


10624 


-19.5 


47.7 


-94.8 


-118.5 


-96.2 


-865.8 


312.5 


-132.1 


-107.0 


34.2 


10625 


-21.4 


28.1 


-112.7 


-142.1 


-99.6 


-546.8 


464.0 


-154.5 


-47.9 


28.3 


10626 


-12.5 


-24.2 


-78.8 


-159.1 


-119.6 


-568.1 


453.2 


-137.3 


-70.6 


-102.7 


10628 


47.8 


-19.8 


-90.5 


-86.3 


-158.2 


-859.1 


474.9 


-62.2 


-185.9 


-87.1 


10629 


125.4 


209.2 


49.0 


-53.6 


-9.7 


-570.5 


486.9 


-44.0 


-18.2 


105.9 


10630 


276.7 




185.9 


145.6 


185.0 


-344.5 


577.2 


106.1 


97.7 


351.6 


10631 


455.7 


404.1 


280.8 


259.0 


292.6 


-293.8 




234.7 


360.8 


415.5 



July 31 


m 


H 7 


He I 


He II* 


He lit 


H/3 


He I 


He I 


Frame ID 






4471 


4686 


4686 




4921 


5015 


10637 


-6.4 


-105.5 


-76.0 


-852.3 


513.4 


-110.8 


-49.6 


-91.4 


10639 


-86.4 


-115.7 


-165.6 


-841.6 


250.9 


-115.0 


-130.2 


-172.0 


10640 


-11.5 


-64.6 


-14.0 


-753.4 


469.5 


-73.4 


-31.0 


-7.0 


10642 


179.2 


79.3 


99.8 


-432.2 




73.6 


135.3 


90.9 


10644 


257.1 


177.5 


282.2 


-807.4 


449.4 


171.9 


174.4 


270.0 


10645 


83.7 


40.3 


94.3 


-752.6 


673.0 


20.8 


-41.9 


67.1 


10646 


79.5 


-20.2 


-32.7 


-543.7 


501.7 


-9.2 


-4.0 


105.9 


10648 


-57.5 


-111.0 


-122.0 


-678.1 


358.0 


-137.1 


-77.6 


-43.3 


10649 


-128.0 


-175.8 


-176.9 


-829.3 


376.0 


-168.7 


-127.7 


-151.8 


10650 


-82.4 


-108.1 


-178.1 


-819.0 


438.3 


-119.0 


-139.4 


-131.7 



August 1 


He i 


Ha* 


Hat 


He i 


Frame ID 


5875 






6678 


10654 


175.8 


-521.2 


652.8 


187.3 


10656 


116.6 


-670.3 


520.3 


108.8 


10657 


129.9 


-633.5 


599.9 


70.1 


10658 


-20.9 


-616.8 


549.4 


-26.7 


10659 


-72.9 


-618.8 


369.6 


-83.8 


10662 


-67.2 


-730.5 


493.9 


-129.7 


10663 


14.1 


-826.7 


565.5 


-117.7 


10664 


-5.7 


-700.7 


494.7 


-6.5 


10665 


20.8 


-590.1 


500.6 


-45.7 


10667 


136.3 


-508.5 


539.0 


54.0 


10668 


251.4 


-496.0 


674.4 


190.7 


10669 


142.3 


-510.7 


663.2 


131.7 


10670 


-39.5 


-636.6 


670.7 


45.5 


10672 


28.8 


-656.1 


590.3 


-15.4 


10673 


-33.5 


-627.4 


413.5 


-37.9 


10674 


-49.4 


-637.4 


479.0 


-68.5 


10675 


-69.5 


-598.7 


556.0 


-131.5 


10676 


-85.4 


-714.8 


574.2 


-118.1 


10678 


34.5 


-695.1 


555.3 


69.7 


10679 


27.1 


-607.9 


517.7 


52.8 
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August 6 


He I 


He I 


He II* 


He lit 


H/3* 


H/?t 


He I* 


TT ,+ 

He I T 


He I 


He I 


Frame ID 


4387 


4471 


4686 


4686 






4921 


4921 


5015 


5875 


37106 


-88.6 


-4.7 


-732.8 


426.0 


-739.8 


633.6 


-728.2 


675.7 


20.7 


33.3 


37107 


118.7 


105.9 


-507.7 


509.4 


-578.5 


647.8 


-572.6 


724.3 


116.7 


99.6 


37109 


-63.5 


335.0 






-501.9 








264.4 


381.9 


37110 


142.7 


326.7 


-650.8 


981.4 


-686.9 




-624.5 


973.8 


88.6 


345.3 


37111 


17.6 


78.8 




478.4 


-695.7 




-659.5 




82.4 


46.0 


37112 


-44.7 


-35.1 






-707.6 




-698.4 




54.8 


-36.8 


37114 


-27.1 


19.5 


-707.3 


344.3 


-747.5 


637.7 


-749.6 


704.3 


39.3 


20.3 


37115 


45.4 


67.1 


-713.6 


1062.3 


-687.1 


638.1 


-635.7 


713.1 


81.9 


87.4 


37116 


209.6 


189.9 


-470.2 


675.3 


-533.3 


817.1 


-512.9 


789.6 


185.4 


205.5 


37117 


291.4 


296.9 






-594.6 


263.3 


-644.6 


1131.3 


273.0 


293.7 


37118 


157.8 


169.8 


-590.1 


877.8 


-654.1 


263.3 


-607.9 


956.5 


82.2 


321.2 


37121 


-57.5 


-107.1 






-763.0 


645.1 


-726.7 


861.0 


6.8 


-69.5 


37122 


-20.9 


6.2 


-784.8 


584.1 


-789.6 


607.6 


-751.5 


682.9 


41.8 


30.5 



August 6 


Ha* 


Hat 


He I* 


He it 


Frame ID 








6678 


6678 


37106 


-678.3 


458 


.9 


-660.5 


633.5 


37107 


-565.6 


480 


,7 


-581.1 


628.2 


37109 








-450.9 


743.1 


37110 








-631.1 


766.8 


37111 


-625.5 


420 


.0 


-650.3 


549.7 


37112 


-615.4 


269 


.0 


-670.2 


614.9 


37114 


-673.6 


460 


.3 


-687.1 


624.8 


37115 


-636.6 


481 


.5 


-661.8 


611.7 


37116 


-528.1 


523 


1 


-498.9 


632.7 


37117 


-509.2 










37118 


-621.5 






-601.1 




37121 


-652.1 


305 


.3 


-697.2 


618.5 


37122 


-717.7 


463 


.6 


-704.8 


586.4 



velocities of each emission/absorption lines measured by 
fitting a Gaussian function during the periods II and III. 
Table 6 lists the parameters of the semi-amplitude (K), 
the red-to- violet crossing time (Tg), the corresponding 
phase offset (<fo) and the systemic velocity 7 obtained by 
sinusoid fitting using the known orbital period. The radial 
velocities in table 5 and the sinusoids with parameters in 
table 6 are shown in figure 10. 

Most of the phase offsets are within the range of <f>o = 
0.08 — 0.13, with exceptions being those of the H/3 red 
peak, the red peak of He 1 4921, the Ha red peak on 
August 6. This phase shift of <fio ~ 0.11 may be against 
a hypothesis that the lines originate from the accretion 
disk. A shift of an almost same value was, however, also 
observed in quiescence, which was interpreted to be due 
to an effect by the hotspot contribution (Mason ct al. 
2000). In the present case, the spiral structures in the 
disk possibly have a stronger effect (see Baba et al. 2002; 
Kuulkers et al. 2002). Then, the possibility is not rejected 
that the lines were formed on the accretion disk. 

The reason for the unusual phase offsets of the red 
peaks of H/3, He 1 4921, Ha is left as an open problem. 
Confirmation of this phenomenon is desired during future 



outbursts. 

The semi-amplitudes are larger than those in quies- 
cence, except for ^75 km s _1 of Ha consistent with 68(±3) 
km s _1 in quiescence (Mason et al. 2000), which probably 
suffer from contamination of the spiral arms, too. 

The absorption line of Na 1 D definitely existed in our 
first spectrum, though it is not clear in figure 2 because 
of the contamination of He 1 5875. As previously men- 
tioned, this absorption line was found in IY UMa (Wu 
et al. 2001) and EG Cnc (Patterson et al. 1998a) in out- 
burst. Patterson et al. (1998a) interpreted that an exten- 
sive cool region in the disk is an origin of Na 1 absorption, 
based on the broad FWZI. Although the contamination of 
the He I absorption obstructs a measurement of the FWZI 
of Na 1 D in our spectra, we can estimate the relative radial 
velocity using the profile from the bottom of the absorp- 
tion to the red wing. The estimates in this way set limits 
on the semi-amplitude of the radial velocity variation to 
be smaller than 25 km s -1 , which is smaller than that 
of the white dwarf (see Steeghs et al. 2001a). Thus, the 
origin of the absorption is suspected to be a rather sta- 
tionary region, such as the center of mass of this system, 
or the part of the disk extended over the secondary star 
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(see section 6.4). It deserves attention that the absorption 
depth reaches 0.08 in the normalized intensity (figure 4). 

6.3. Emission lines and the outburst mechanism 

The first spectra (ID: 10550) of our data was obtained at 
BDJD 2452114.48 (table 1), which is several hours before 
the outburst maximum. He n 4686 was a doubly-peaked 
emission line with a peak separation of ~660 km s _1 in 
this spectrum obtained at — 0.255. The spectrum (ID: 
10557) obtained one hour after, but still before the max- 
imum, showed Ha emission line with double peaks of a 
^780 km s _1 separation. These small separations mean 
that the accretion disk was greatly extended before the 
outburst maximum (see the next section). This qualita- 
tively agrees with the prediction on the outside-in type 
outburst due to the disk instability (see e.g. Ichikawa 
et al. 1993). 

The spectra obtained by Baba et al. (2002) by 5.5 hours 
before our first observation contain only absorption lines 
of the Balmer series including Ha and He I and no hint 
of emission lines of highly ionized species: He II 4686, 
C ni/N III. It should be a natural scenario that the inner- 
most part of the accretion disk and the white dwarf was 
fully heated up by the accreted mass, and irradiation by 
this region formed a temperature-inversion layer (chromo- 
sphere) on the disk during this interval of 5 hours, then 
the chromosphere produced these high-excitation emission 
lines. 

The C iv/N iv emission lines, which was observed on 
the 1st and 3rd days of this outburst, do not bear a clearly 
doubly-peaked shape. On JD 2452114, the FWZI of this 
blend line is very broad, 4000-5000 km s _1 , which is com- 
parable of ~5600 km s _1 of the combined line of the 
C m/N in blend and He n 4686. However, the FWZI of 
C iv/N iv is much broader than that of Ha (2200 km s _1 ), 
even taking into account the separation of the blended 
lines. These two facts (the non-doubly-peaked profile and 
the broad FWZI) imply that the C iv and N iv lines orig- 
inated in the boundary layer between the accretion disk 
and the white-dwarf surface, or in the very inner region 
of the accretion disk. 

On the other hand, there still remains a possibility that 
the C iv/N iv complex was formed in the chromosphere in 
the accretion disk, like He II 4686. Our instruments may 
not have a resolution power to resolve their doubly-peaked 
profiles. Higher spectral-resolution (and time-resolved) 
spectroscopy from the initial phase of the future outbursts 
are encouraged. 

These evolution courses of the high-excitation lines are 
also reasonably understandable within the outside-in out- 
burst scheme of the disk instability. The C iv/N IV emis- 
sion line weakened from the 1st day to the 3rd day, and 
disappeared by the 5th day of the outburst, indicating 
that the temperature of the very inner side of the ac- 
cretion disk started decreasing at the near-the-maximum 
phase of the outburst. However, He II 4686 was present 
throughout the main outburst. It will be a challenge for 
the disk instability model to reproduce the variation of 
the temperature and density structure in the accretion 



Table 6. Fitted semi-amplitudes (km s 1 ), To 
(BDJD - 2452120), systemic velocities (km s" 1 ) of 
lines on 2001 July 30 and 31, and August 1 and 6. The 
marks, * and * represent the blue component and the red 
component of the double peaks, respectively. 



July 30 



Line 


K 


To 


00 


7 


He 


210(31) 


1.442(1) 


0.10(2) 


131(20) 


He ii 4026 


200(43) 


1.442(2) 


0.10(4) 


145(27) 


US 


170(29) 


1.441(1) 


0.09(2) 


19(19) 


H 7 


170(33) 


1.441(1) 


0.09(2) 


17(21) 


He i 4471 


192(38) 


1.442(1) 


0.10(2) 


5(25) 


He ii 4686* 


208(85) 


1.443(3) 


0.12(5) 


-557(54) 


He ii 4686t 


76(32) 


1.441(3) 


0.09(5) 


533(20) 


H/3 


151(29) 


1.440(2) 


0.07(5) 


-28(19) 


He I 4921 


181(49) 


1.442(2) 


0.10(4) 


24(31) 


He i 5015 


195(55) 


1.442(2) 


0.10(4) 


133(35) 




July 31 










Line 


K 


To 


00 


7 


m 


157(23) 


2.463(1) 


0.11(2) 


55(17) 


H 7 


143(15) 


2.463(1) 


0.11(2) 


-11(11) 


He i 4471 


191(26) 


2.463(1) 


0.11(2) 


10(19) 


He ii 4686* 


78(66) 


2.463(8) 


0.11(14) 


-714(48) 


He ii 4686t 


106(44) 


2.467(5) 


0.18(9) 


473(36) 


H/3 


140(16) 


2.463(1) 


0.11(2) 


-18(12) 


He I 4921 


122(30) 


2.462(2) 


0.10(2) 


-4(22) 


He i 5015 


175(27) 


2.464(1) 


0.13(2) 


30(20) 




August 1 










Line 


K 


T 


00 


7 


He I 5875 


117(17) 


2.575(1) 


0.09(2) 


39(12) 


Ha* 


78(20) 


2.576(2) 


0.11(4) 


-636(14) 


Hat 


72(21) 


2.575(2) 


0.09(4) 


553(15) 


He i 6678 


130(14) 


2.576(1) 


0.11(2) 


14(10) 



August 6 

Line K To 0o 7 



He i 4387 


113(36) 


8.471(3) 


0.10(5) 


56(25) 


He i 4471 


171(22) 


8.473(1) 


0.13(2) 


118(15) 


He ii 4686* 


158(40) 


8.468(1) 


0.05(2) 


-654(26) 


He ii 4686 t 


259(126) 


8.472(5) 


0.12(9) 


676(81) 


H/3* 


107(19) 


8.469(2) 


0.06(4) 


-666(13) 


H/?t 


217(86) 


8.454(3) 


-0.20(5) 


499(50) 


He i 4921* 


88(19) 


8.470(2) 


0.08(4) 


-650(13) 


He i 4921+ 


174(42) 


8.480(2) 


0.26(4) 


854(25) 


He i 5015 


98(19) 


8.470(2) 


0.08(4) 


105(13) 


He i 5875 


182(27) 


8.473(2) 


0.13(4) 


143(18) 


Ha* 


73(18) 


8.472(2) 


0.12(4) 


-606(12) 


Hat 


89(33) 


8.463(5) 


-0.04(9) 


432(27) 


He i 6678* 


94(19) 


8.470(2) 


0.08(4) 


-615(13) 


He i 6678t 


55(27) 


8.474(5) 


0.15(9) 


649(17) 
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Fig. 10. Radial velocities of emission/absorption lines of July 30 and 31, and August 1 and 6. The marks represents the data in 
table 5, and the sine curves (table 6) obtained by fitting the RVs are drawn in each figure. The figures in the top 2 rows (filled 
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disk which can produce the spectral evolution ol these 
high-excitation lines in the special case of WZ Sge. 

6.4- Maximum disk radius 

The peak separation is generally regarded to be in- 
dicative of the velocity at the outer edge of the accre- 
tion disk multiplied by sfcu, where i is the inclination 
angle. The separation of Ha was 740(40) km s _1 on 
JD 2452114 (table 2), which was about a half of 1450 
km s _1 in quiescence (Skidmore et al. 2000). If we as- 
sume the Keplerian circular velocity and the disk ra- 
dius rjisk = 0.3a (a: the binary separation) in quiescence 
(Robinson et al. 1978), then the radius at the maximum 
of the outburst is suggested to exceed the binary separa- 
tion (rdisk ~ l-2a). Such a circumstellar disk was first 
introduced by Gilliland, Kemper (1980) to explain the 
narrow peak separation (^440 km s _1 ) of stationary Ha 
observed during the 1978 outburst of WZ Sge (see also 
Brosch et al. 1980; Fricdjung 1981). The Na I D absorp- 
tion line may be formed in the circumbinary part of this 
extended disk, though this hypothesis requires a signifi- 
cant contribution of that part to the continuum light to 
produce the absorption depth of 0.08. 

To create a circumstellar disk, the outer edge of the disk 
must extend over the critical radii of the 2:1 resonance 
and the tidal truncation, and the Roche lobe. Leibowitz, 
Mazch (1981) proposed a model to create the external 
disk, or ring, that the radiation pressure at the outburst 
may make gases pour out from the L2 point. There has 
been, however, no observational evidence for the mass flow 
via the L2 point. 

Here, we should pay attention to the following two 
points: 1) the peak separation on JD 2452114 was de- 
termined using only the two spectra obtained at <j> = 0.847 
(ID: 10557) and </> = 0.896 (ID: 10558), and 2) we assumed 
the Keplerian velocity. As for the first point, the peak sep- 
aration observed in a spectrum changes under the influ- 
ence by the variations of the emission profile, as mentioned 
above. The separation was, however, derived from the 
spectra obtained at different orbital phases on JD 2452116 
and 2452118 (table 1), and maintained small values (<900 
km s" 1 ) by JD 2452118 (table 2). If we take the 900 km 
s _1 separation, the resultant radius of rdisk ~ 0.77a still 
exceeds the theoretical maximum radius and the critical 
radius of the 2:1 resonance (Osaki, Meyer 2003). 

The second point arises from a question whether the 
Keplerian velocity law holds up to the outer edge of the 
outbursting disk, especially around the outburst maxi- 
mum. For this problem, Osaki, Meyer (2003) used the 
value of 1,000 km s _1 in the discussion of the maximum 
disk radius, based on the Doppler maps of He II and Ha 
in Baba et al. (2002), although these maps seem to admit 
a choice of a larger separation. 

To discuss more about this topic, we need higher 
spectral- and temporal-resolution spectroscopy around 
the outburst maximum, detailed theoretical works and 
simulations on the behavior of the outbursting accretion 
disk. 



6.5. Alternation between the early/genuine superhump 

According to Patterson et al. (2002) and Ishioka 
et al. (2004), the genuine superhumps emerged on JD 
2452126. The period I and II are characterized by the 
early superhumps, and the genuine superhump were ob- 
served during the period III and later. 

Figure 1 1 displays the typical variations of the emission- 
line profiles of Ha in the periods II and III, and of H/3 
in the period V in an orbital period. The V/R ratio 
of the peaks of Ha varied around 1 in period II when 
we saw early superhumps. In contrast, one of the peaks 
was stronger through the orbital phase in the periods III 
and V, when genuine superhumps were prominent. This 
clearly proves the different nature between the early su- 
perhump and the genuine superhump. 

Interchange of the stronger peak with a beat period of 
the superhump period and the orbital period has been 
interpreted to be evidence of the precessing eccentric disk 
(Vogt 1982; Hessman ct al. 1992; Augustcijn 1994; Wu 
et al. 2001). The current plausible models for the early 
superhump phenomenon are the tidal dissipation model 
(Osaki, Meyer 2002) and the the tidal distortion model 
(Kato 2002a). The present data indicate that the disk 
was not yet eccentric on JD 2452112 (section 6.2), the 
10th day of the outburst and 4 days before the genuine 
superhump emergence. To test these model, it may be a 
key to examine which model can more naturally allow a 
sudden change of the disk structure which was observed 
photometrically (Patterson et al. 2002; Ishioka et al. 2004) 
and spectroscopically (this work). 

6.6. Rebrightening phase 

The periods V and VI are around the third minimum 
and at the ninth peak during the rebrightening phase, 
respectively. All the Balmer lines and He I except for 
He I 4471 are doubly-peaked emission lines during the 
period V (figure 8), as in quiescence (see e.g. Downes, 
Margon 1981), although the broad absorption component 
of the white dwarf is not seen around any Balmer emis- 
sions. During the period VI (figure 9), the Balmer lines 
were basically in absorption, although they seem to have 
weak emission components of doubly-peaked shapes at the 
same time. This change of the hydrogen and helium ab- 
sorption lines to emission lines with a change from a faint 
state to a bright state means that propagation of the heat- 
ing/cooling wave gave rise to the state transition, as in the 
normal outburst of dwarf novae (see Osaki et al. 2001). 

The peak separations of the Balmer lines in table 2 were 
slightly narrower than those in quiescence, indicating that 
the accretion disk had already shrunk to be ~0.37a, close 
to that in quiescence, and was well within the critical ra- 
dius of the 3:1 resonance (0.46a). The eccentricity of the 
disk is, however, still maintained, as indicated by the per- 
sistently strong red peak of Ha in the period V (see the 
previous section) and the asymmetric profile of absorption 
lines in the period VI. 

The high-excitation emission lines of He n 4686 and 
C ill/N in, of course also C iv and N iv, are neither de- 
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Fig. 11. Typical profile variations of Ha in period II (left panel) and period III (mid panel) and H/3 in period V (left panel) in an 
orbital period. The stronger peak varies between the red peak and the blue peak in period II (early-super hump era), but one of the 
peaks dominates through the orbital phase during periods III and V (genuine-super hump era). 



tected in the spectrum in the period V, nor in the period 
VI, indicating the low temperature around the boundary 
layer insufficient to strongly irradiate the outer disk. The 
Na I absorption also can not be seen, while this line stayed 
persistent during the main outburst. These two differ- 
ences of the spectral feature between in the main outburst 
and in the rebrightcning phase may have the same origin, 
although the excitation potential of these species is quite 
different. 

7. Summary and Conclusions 

Here we briefly summarize what we spectroscopically 
observed in optical from the rising phase to the rebright- 
ening phase of the 2001 outburst of WZ Sge, and what was 
revealed by detailed analyses of the data and comparison 
of this outburst and the previous outbursts. 

• The variations of the outburst shape and the quies- 
cence duration suggest an increasing trend of the 
mass transfer rate in these several tens of years. 
The secondary star may still have magnetic activ- 
ities, though the secondary has been supposed to be 



(close to) a degenerate star, (section 6.1) 
The radial velocities of the H and He emis- 
sion/absorption lines measured in the main outburst 
had semi-amplitudes larger than those in quiescence, 
and the red-to-violet crossing times of these lines 
corresponded to 0^0.11. These may be interpreted 
to suffer from an effect of the spiral-arm structures 
in the accretion disk, (section 6.2) 
Na I D was found to be in strong absorption from 
the 1st day to, at least, 15th day of the outburst. 
The semi-amplitude of the radial velocity variation 
of this line is limited to be within 25 km s _1 , which 
is smaller than that of the white dwarf. A cool re- 
gion might exist around the center of mass of this 
system, or the origin of this line may be the circum- 
stellar part of the disk. This absorption line was seen 
not only in WZ Sge stars (WZ Sge and EG Cnc), 
but also in an eclipsing SU UMa star, IY UMa in 
superoutburst. (section 4, 5.1, 5.3, 6.2) 
Emergence of the high-excitation emission lines of 
He, C, and N, and the evolution from absorption to 
emission of Ha between ~12 hours and ~6 hours be- 
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fore the outburst maximum is a new evidence of the 
outside-in type outburst due to the disk instability. 
The strong emission lines of C iv/N iv around 5800 
A were first detected in the spectrum of dwarf no- 
vae, but disappeared by the 5th day of the outburst. 
The emission lines of He n 4686, C m/N III, and Ha 
is supposed to originate from the chromosphere of 
the accretion disk formed by irradiation, (section 
4.1, 5.1, 6.3) 

• The peak separations of Ha and He n 4686 were 
about 700 km s _1 , which is a half of that of Ha in 
quiescence, at the very early phase of the outburst. 
This implies that the accretion disk extended to have 
a circumstcllar part. However, the phase coverage of 
our data are not sufficient for deriving the represen- 
tative peak separation, and it is not clear whether 
the peak separation is naively used for measurement 
of the disk radius, especially around the outburst 
maximum (section 4.1, 5.1, 6.4) 

• During the period of genuine superhumps (the lat- 
ter half of the main outburst and the rebrightening 
phase), one of the double peaks of the Balmer emis- 
sion lines dominated throughout one orbital phase, 
and the stronger peak interchanged in a time scale 
of days. These represent the eccentricity of the ac- 
cretion disk, which agrees with the tidal instability 
model of the supcrhump. Such characteristics were 
not found in the first half of the main outburst, at 
least four days before the emergence of the genuine 
superhump (8 days after the outburst maximum), 
when early superhumps were dominant periodic sig- 
nals. The eccentricity of the disk abruptly grew dur- 
ing this 4-day interval, (section 6.5) 

• During the rebrightening phase, the spectra showed 
absorption lines of H and He I at the maximum and 
emission lines of the same species at the bottom, 
which means that the state transition of the disk was 
due to propagation of the heating/cooling waves, as 
in normal outbursts of usual dwarf novae. There 
was no hints of the high-excitation lines and the Na I 
absorption during this phase, (section 4.5, 4.6, 5.1, 
6.6) 

• Comparison of our spectra and those in the previous 
outbursts of WZ Sgc indicates that the spectral fea- 
ture and its evolution are different in each outburst. 
We need further observations in future outbursts to 
reveal the whole nature of the king of dwarf novae, 
(section 4, 5.2) 

Finally, we would like to call the readers' attention for 
the emission lines of He II. In some spectra, e.g. figures 2 
and 3, He n are seen as emission lines, whereas He I and 
H I arc absorptions. If we use the intensity ratio of the 
emission lines of He n 4686/H/3 of these spectra to esti- 
mate the helium abundance, we will have an abundance 
of infinity, because there is no emission of H/3. 

Recently, Iijima (2002) estimated the helium abundance 
of a recurrent nova U Sco using the intensity ratios of 
He i/H I, and obtained as N(He)/N(H) = 0.16 by num- 
ber, which is normal among cataclysmic variables. On 



the other hand, extremely high helium abundances of the 
same object have been derived using the intensity ratios 
of He n/H I, e.g. 0.4 (Anupama, Dewangan 2000), 2.0 
(Barlow ct al. 1981), and 4.5 (Evans ct al. 2001). The 
mystery of the helium abundance of U Sco might be due 
to a similar effect. It seems to be rather risky to estimate 
the helium abundances of cataclysmic variables using only 
the intensity ratios of He n/H I. 

The authors are thankful to amateur observers for re- 
porting the detection of this outburst their and contin- 
uous observations to VSNET. Those reports enabled us 
to observe the most enigmatic dwarf nova WZ Sge in a 
very precious phase before the maximum of a quite infre- 
quent outburst and to easily relate the spectral feature 
with the state of the accretion disk. Sincere thanks are 
also to Warren Skidmore and Yoji Osaki for their valuable 
comments and discussions. 
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